ABSTRACT: An epidemic of conjunctivitis among house finches (Carpodacus mexicanus) caused by Mycoplasma gallisepticum (MG) bacterial infections was first described in 1994. The disease exhibits high primary host specificity, but has been isolated from a limited number of secondary avian hosts at various times and locations. We used records from the House Finch Disease Survey, a continent-wide, volunteer monitoring project, to document the host range of conjunctivitis in birds at feeding stations and to investigate how disease in house finches might influence the spread of conjunctivitis to other hosts. Between 1994 and 1998, participants recorded 675 cases of conjunctivitis in 31 species other than house finches in eastern North America. Seventy five % of these cases were observed among three species: American goldfinches (Carduelis tristis), purple finches (Carpodacus purpureus) and house sparrows (Passer domesticus). The proportion of sites with diseased wintering populations of the three species increased over the 4 yr study and coincided with range expansion of conjunctivitis in house finches. Sites with diseased house finches present were significantly more likely to report conjunctivitis in each of the three species during the same month. These observations are most consistent with transmission of an infectious agent (presumably MG) from house finches to these secondary hosts via spillover of localized epidemics, rather than sustained interspecific transmission.
INTRODUCTION
Host specificity, or the degree to which a symbiotic relationship between host and parasite has evolved, is the result of several factors, including microhabitat requirements and virulence of the parasite, prevailing environmental conditions, host ecology, and host-parasite co-evolution (Adamson and Caira, 1994; Levin, 1996) . These factors combine to shape adaptations among infectious organisms for optimal transmission of disease. Yet, parasites with high host specificity (single primary or narrow host range) occasionally infect other, secondary hosts, sometimes with devastating results. Such instances may reflect changes in ecological relationships that increase transmission probabilities between the two hosts, changes in the susceptibility of the secondary host to disease, or novel microbial adaptations to the secondary host (Morse, 1995; Cohen, 1998) . Under these circumstances, secondary hosts may become maintenance hosts where the infectious agent persists and acquires an expanded host range. These infections may instead represent spillover from a primary reservoir into hosts in which the disease is not maintained (Bhattacharya et al., 1986; O'Reilly and Daborn, 1995; Nel et al., 1997) . ''Spillover'' infections are normally distinguished by a more sporadic pattern of disease occurrence among secondary hosts, and are generally in close association with sudden or sustained increases in incidence among the primary host range. Spillover events are important because they provide opportunities for the emergence of new host ranges of parasites (Morse, 1995) .
A recent example of an emergent bacterial disease in wild birds is conjunctivitis in house finches (Carpodacus mexicanus) caused by Mycoplasma gallisepticum (MG) infection (Ley et al., 1996; Luttrell et al., 1996; Fischer et al., 1997) . Of 23 mycoplasma species described from domestic and free-ranging avian sources, MG is one of four pathogenic species common in domestic poultry (Jordan, 1996) . Mycoplasma gallisepticum is not considered a naturally occurring pathogen in wild birds and sustained reservoirs have never been identified. The MG strain isolated from house finches since early 1994 appears to be unique and not related to historical or current poultry isolates or vaccines (Ley et al., 1997) . Confirmed diagnoses of MG-associated conjunctivitis from other hosts have been infrequent during this period. Single isolations of MG have been obtained from a purple finch (Carpodacus purpureus), downy woodpecker (Picoides pubescens), blue jay (Cyanocitta cristata), evening grosbeak (Coccothraustes vespertinus) and pine grosbeak (Pinicola enucleator) in various seasons and locations throughout eastern North America (Hartup et al., 2000) . Mycoplasma gallisepticum has also been isolated from fewer than ten American goldfinches (Carduelis tristis) with conjunctivitis, but each isolate was genetically similar to the strain affecting house finches (Ley et al., 1997) . In addition, survey-derived estimates showed the frequency of conjunctivitis in four sympatric species at feeding stations appeared to be low compared to house finches early in the epidemic (Hartup et al., 1998) . This limited data suggests that MG infections in North American birds appear to be highly specific to house finches. Host specificity is considered a hallmark of the mycoplasma-host relationship (Tully, 1996) .
Is mycoplasmal conjunctivitis emerging as a disease of other North American birds, or are infections only occasionally transmitted from house finches to secondary hosts? Based on the above findings, we hypothesized that sporadic MG infections in non-house finch hosts were the result of spillover infections arising from infected house finch populations, rather than alterations in ecological barriers to disease transmission between house finches and other hosts, lowered susceptibility to disease in other hosts, or the appearance of newly adapted mycoplasma strains. Under these alternative hypotheses, disease patterns in secondary hosts should suggest persistence at local levels and show a more contiguous pattern of occurrence, as well as spread independently of conjunctivitis in house finches. The longitudinal and distribution data required to evaluate predictions such as these, however, have rarely been sufficient in any single wild animal host, let alone between two of them (Gulland, 1995) .
In this study, we used observations from the House Finch Disease Survey (HFDS) of the Cornell Laboratory of Ornithology (Ithaca, New York, USA), a volunteerbased disease monitoring tool, to evaluate the competing hypotheses outlined above for several species. The method capitalizes on the apparent strong relationship between MG infection and the easily detected host response (in this case conjunctivitis), and provides a mechanism to sample the study populations on a continental scale. We first used HFDS records to document the occurrence of conjunctivitis in bird species other than house finches, and to describe trends in the prevalence of conjunctivitis observations at feeding stations visited by these species. Secondly, we evaluated the relationship of conjunctivitis reports in American goldfinches, purple finches and house sparrows (Passer domesticus) with the presence of diseased house finches. If spillover occurred, we expected that the presence of diseased house finches must enter the models developed to explain conjunctivitis in these species.
MATERIALS AND METHODS
The methodology of the HFDS has been thoroughly described elsewhere Hartup et al., 1998) . Briefly, the survey was initiated in November of 1994 to follow the spread of conjunctivitis in eastern house finches and other birds common to bird feeders. The HFDS provides a valid index to the prevalence of disease in house finches because the presence of conjunctivitis in birds at feeders is closely correlated with active MG infections (Hartup et al., 2000; Hartup et al., unpubl. data) . We assumed a similar relationship be-tween disease status and MG infection in the other species surveyed for this study.
The survey makes use of experienced volunteers to provide year-round observations of diseased house finches, purple finches, chickadees (Parus atricapilus and P. carolinensis), house sparrows and dark-eyed juncos (Junco hyemalis) (hereafter referred to as target species) across eastern North America via a questionnaire. The survey also requested description of disease in other species (non-target species). Daily observations of healthy and conjunctivitis-affected birds were summarized to provide the following monthly totals at each bird feeding site monitored: days participants made observations, days the target species were observed, and days where one or more individuals with conjunctivitis of each target species were observed. Reports of conjunctivitis in non-target species were noted and evaluated as described below. Each monthly report was considered an independent observation of a dynamic study population of birds, similar to Hartup et al. (1998) .
We used 29,266 monthly HFDS observations made by 3,489 participants from 37 states and six Canadian provinces to detect conjunctivitis in birds between November 1994 and October 1998 (4 yr). Observations from states and provinces (n ϭ 546) west of W103Њ longitude were excluded from our analysis due to the historical presence of the disease in the central and eastern portions of the continent only. The presence of conjunctivitis among a species at a site (referred to as a case) was defined by one of two criteria: where the observer described signs and behavior consistent with mycoplasmal conjunctivitis (Luttrell et al., 1996) for one or more days as determined by independent analysis of two wildlife veterinarians familiar with this syndrome, or where the observer provided no description of abnormal birds, but made two or more daily observations of conjunctivitis-affected birds. The first criterion was used to identify the presence of conjunctivitis in both target and non-target species. The second criterion was used only for the target species, and was designed to guard against single, false observations with no supportive description by the observer. Other bacterial and viral etiologies may underlie the observations of conjunctivitis in these species by HFDS participants (Williams, 1997) . We limited potential observer bias by excluding reports of conjunctivitis that did not pass the screening protocol.
For the target species, we were able to obtain data on the presence of healthy individuals in order to provide information on disease distribution and to serve as a referent population in epidemiological analyses. No such information, however, was available for the non-target species. In order to provide additional referent data, we extracted records from Project Feeder Watch (PFW), a volunteer-based survey that generates counts of birds visiting feeders between November and March in the study area (Wells et al., 1998) . Data from PFW consists of average maximum counts of birds visiting feeders each month as an index to bird abundance at a site. We were able to match 15,375 HFDS observations with PFW counts by linking data provided by 2,484 observers at the same sites across the four years of the study.
The data for the target species and American goldfinches were stratified by winters (November 1994 to March 1995 ϭ W1, and so on to W4) and analyzed for a linear trend in proportions to determine if conjunctivitis was becoming more common among sites with these species present (Schlesselman, 1982 ; EpiInfo, version 6.04, Centers for Disease Control and Prevention, Atlanta, Georgia, USA). Logistic regression models were then developed to evaluate the association of conjunctivitis in house finches (healthy house finches only versus a case being present at each site) with the likelihood of conjunctivitis observation in goldfinches, purple finches, and house sparrows (Hosmer and Lemeshow, 1989) . These three species were chosen because each had more than 100 cases of conjunctivitis reported during the survey. Several potential confounding factors were considered for entry into each model including: month (November to March) and region in which observations were made (Northeast, MidAtlantic, Southeast, Midwest and Great Plains; see Dhondt et al., 1998) , number of days participants monitored their feeders each month, and corresponding PFW monthly counts of house finches and the three test species (log 10 transformed to approximate normality). We used a forward selection process (P Ͻ 0.10) followed by backward elimination of nonsignificant variables (P Ͼ 0.15; BMDP, version 7.0, Los Angeles, California, USA). Final variable inclusion was confirmed with a backward elimination procedure. Biologically interpretable interaction terms were allowed to enter the models under the criteria above if both corresponding first order terms remained in the model.
RESULTS

Non-target species
Survey participants observed 292 cases of conjunctivitis in 27 non-target species from 15 avian families at feeding stations during the study period (Table 1 ). The number of cases among most of the species was quite low (n Ͻ 10), with single cases noted from 12 species. The non-target species cases were identified from 687 disease reports; we excluded 395 reports due to incomplete descriptions of signs and behavior or descriptions inconsistent with mycoplasmal conjunctivitis. Several reports described clinical signs and behaviors consistent with other diseases commonly observed at bird feeding stations such as avian poxvirus infection or salmonellosis.
One hundred eighty-seven cases of conjunctivitis were reported in goldfinches. Seventy percent (139/187) of the cases were reported between November and March and occurred in all regions (Fig. 1) . In W1, multiple cases were observed in a five-state region including Massachusetts, New York, Pennsylvania, Ohio and Indiana. Multiple cases were later recorded from New Jersey, Maryland, Virginia and North Carolina (W2), Illinois, Oklahoma and Texas (W3), and Michigan, Iowa and Missouri (W4). The original focus of cases in W1 persisted through the end of the study with small fluctuations in the number of cases recorded per state each winter. The maximum number of cases reported in a given winter was eight from both Maryland and North Carolina in W2. The proportion of sites in winter with goldfinch cases increased over the study period ( 2 1 ϭ 44.0, n ϭ 10,212, P Ͻ 0.001).
The presence of a case of conjunctivitis among house finches at a site increased the odds of observing conjunctivitis in goldfinches by over seven times (Table 2 ). In addition, the probability of observing a case among goldfinches increased at sites with greater numbers of house finches and goldfinches, and during the last two winters of the study. Increasing counts of goldfinches at a site in W2, however, lowered the probability of observing a case of conjunctivitis in goldfinches.
Target species
Thirty-three cases of conjunctivitis were reported in both chickadees and dark-eyed juncos during the study period. Chickadee cases were detected in all regions except the Great Plains, but few cases were well described. There was no trend in the proportion of sites in winter with chickadee cases during the study ( 2 1 ϭ 0.06, n ϭ 14,009, P ϭ 0.80). By contrast, junco cases were reported from all five regions monitored by the HFDS and were comparatively well described. The proportion of sites with junco cases approached an increasing trend during the survey ( 2 1 ϭ 3.2, n ϭ 11,984, P ϭ 0.07).
Participants observed 125 cases of conjunctivitis in purple finches; 80% (100/ 125) occurred in winter months (Fig. 2) . Conjunctivitis in purple finches was detected in all HFDS regions. In W1, multiple cases were observed in New Jersey, New York and Pennsylvania only. Multiple cases were noted from several additional states the following winter, including Connecticut, Maryland, Virginia, North Carolina, Tennessee, Ohio, Indiana and Illinois. A single participant in Oklahoma reported cases one month apart in W3, and multiple cases were first reported from Iowa and Missouri in W4. The original focus of conjunctivitis cases in purple finches did not persist over the four years of the study; no cases were reported in New Jersey, New York or Pennsylvania in W4. The maxi-mum number of cases reported in any winter was seven from North Carolina in W2. The proportion of sites with purple finch cases in winter increased over the study period ( 2 1 ϭ 9.5, n ϭ 3,010, P Ͻ 0.01). Results from the multivariate analysis showed that participants were 2.5 times as likely to observe a case among purple finches when a house finch case was present (Table 2 ). Participants were also more likely to observe cases among purple finches in W2 and W3 compared to W1.
Survey participants reported 192 cases of conjunctivitis in house sparrows across all HFDS regions, and 72% (138/192) of cases were reported in winter months (Fig.  3) . In W1, multiple cases among house sparrows were reported from 12 states: nine Great Lakes states between Illinois and New York, and New Jersey, Maryland, and Florida. First reports of multiple cases were later reported from Massachusetts and Ontario (W2), Delaware, Texas, and Virginia (W3), and Kentucky, Iowa, and Wisconsin (W4). The maximum number of cases was reported from Ontario in W2 (n ϭ 11) from six different sites. There was a significant linear increase in the proportion of sites with house sparrow cases over the study period ( 2 1 ϭ 13.0, n ϭ 8,743, P Ͻ 0.001). The multivariate analysis showed that HFDS participants were more than twice as likely to observe conjunctivitis in house sparrows when a case among house finches was present (Table  2) . Additionally, cases involving house sparrows were more likely to be observed during W3, the month of December each winter, and at sites with greater numbers of house sparrows.
DISCUSSION
The HFDS detected numerous cases of conjunctivitis in several species other than house finches, despite being widely distributed across time and space. The majority of cases occurred in American goldfinches, purple finches and house sparrows, but they comprised less than 2% of the total observations submitted for each species. By comparison, Dhondt et al. (1998) showed 20% of all surveyed sites in W2 reported cases of conjunctivitis in house finches. The increasing frequency of cases in secondary hosts, however, suggests the disease spread and may have increased in prevalence among their populations. These findings corroborate the view that MG has parasitized a limited range of freeranging avian hosts, but is most prevalent in house finches (Hartup et al., 2000) .
Results of the multivariate analyses showed that conjunctivitis in each of the three species was significantly related to exposure to diseased house finches. These findings suggest diseased house finches transmitted the causative agent of conjunctivitis (presumably MG) to the secondary hosts. Though an infected, diseasefree carrier state may exist in some individuals, the rate of MG infection among house finches with conjunctivitis is considerably greater than infection rates in normal appearing house finches (Luttrell et al., 1998) , and there is excellent agreement between the appearance of clinical conjunctivitis and MG infection in wild house finches (Hartup et al., unpubl. data) . Transmission of pathogenic MG to secondary hosts most likely occurs through indirect means via contaminated bird feeder surfaces, or directly through competition at feeding stations and increased contacts with house finches (Hartup et al., 1998) . Without a more detailed survey, however, we cannot clarify to what extent these species truly interacted with one another and the extent of MG transmission among all hosts.
The HFDS was designed to detect and document a common host response to MG infection in house finches and presumably other birds common to feeding stations, not the underlying cause of observed disease. There was no other evidence or diagnostic information made available by survey participants to suggest other infectious or non-infectious etiologies for the cases reported. Questionable or incom- plete data, or reports describing other syndromes common to birds at feeders were excluded to limit potential bias in the data. Another avian mycoplasma, M. sturni (MS), has been associated with a single case of conjunctivitis in a free-ranging European starling (Sturnus vulgaris), and several captive blue jays (Cyanocitta cristata) and northern mockingbirds (Mimus polyglottos) (Forsyth et al., 1996; Ley et al., 1998) . Both starlings and blue jays with conjunctivitis were described by HFDS participants, and may be attributable to MS infection; yet, no epidemic of conjunctivitis in free-ranging individuals of any species has been attributed to MS. The low prevalence of MG-associated conjunctivitis in the secondary host species surveyed by the HFDS has been confirmed by field and laboratory studies (Hartup et al., 2000 ; M.P. Luttrell unpubl. data; C.B. Thomas unpubl. data), suggesting these hosts experience less exposure to MG (lower transmission rates), are less likely to develop conjunctivitis than house finches following MG infection (lower susceptibility), or both.
The small number and patchy distribution of conjunctivitis in each secondary host appear to be most consistent with spillover of a transmissible agent (presumably MG) from house finches. Alternative explanations, such as sustained transmission of disease within the secondary species at low levels or inherently lowered susceptibility to infection, or the emergence of new host-parasite relationships, should have resulted in different patterns of disease occurrence, as well as independence of disease in house finches in the epidemiological models. If the secondary species experienced less frequent transmission or were inherently less susceptible to MG but sustained the parasite, conjunctivitis should have been more consistently reported in local (or state level) populations once established, and the rate of disease spread among each species should have lagged behind that observed in house finches. Instead, we observed a patchy and inconsistent distribution of cases at local and regional levels in each of the three species examined, though long distance movement of MG infected birds could occur with secondary host dispersal or migration. Addi-tionally, the initial ranges of conjunctivitis suggested by the distribution of W1 cases (especially in goldfinches and purple finches), together with subsequent range expansion, coincides closely with the rate and direction of spread of mycoplasmal conjunctivitis among eastern house finches .
To our knowledge, no significant changes have occurred in the ecology of house finches and the other species surveyed that would result in increased transmission of an infectious agent between them. We indirectly controlled for changes in the population dynamics and range of each species by incorporating data from PFW. For example, house finch populations have declined throughout much of eastern North America after the emergence of mycoplasmal conjunctivitis (Hochachka and Dhondt, 2000) , and the purple finch is noted for quasicyclical irruptions across its winter range that likely impact its contact with house finches and exposure to pathogenic organisms. Bird feeding activity by the general public, however, was assumed to be unchanged throughout the survey period though this may represent a significant risk factor for the transmission of conjunctivitis in songbirds (Hartup et al., 1998) . The impact of larger ecological alterations, such as climate change, was beyond the scope of this study.
Finally, there remains no compelling documentation to support the emergence of novel MG strains in these secondary hosts. Ongoing molecular epidemiological surveillance of isolates made from goldfinches and purple finches show no dissimilarities with DNA fingerprints of house finch isolates (Ley et al., 1997; Hartup et al., 2000) .
The concurrent observations of conjunctivitis in American goldfinches, purple finches and house sparrows over time and space with epidemics among house finches, demonstrated epidemiological associations with exposure to diseased house finches, and available diagnostic findings lead us to believe there is a common etiology involved in these cases and that spillover of infections from house finches underlie their appearance. Additional study is needed, however, to confirm mycoplasmal conjunctivitis in house sparrows and other species recorded with multiple cases of conjunctivitis (cardinals for example). At the levels detected in the present study, conjunctivitis is unlikely to have a deleterious impact on any of the secondary host populations affected, though increases in local or regional mortality rates may occur in the short-term due to spillover events. We believe continued monitoring of this disease is warranted to detect further changes in host range and specificity.
